We demonstrate theoretically and experimentally an anomaly in the intensity distribution at the focal region of a Laguerre-Gaussian beam, when such a beam is focused by a high numerical aperture objective lens through an index-mismatched interface satisfying the total internal reflection condition. An asymmetric rotation of the focal field arising from the interplay of the phase shift induced by the total internal reflection and the helical phase of the Laguerre-Gaussian beam has been experimentally observed by a scanning near-field optical microscope. A cross-section analysis shows that the experimental results match well with the theoretical predictions.
Introduction
Generation of a focused evanescent field using a high numerical aperture (NA) total internal reflection (TIR) objective lens has been proposed and demonstrated extensively recently because of its enormous applications in the fields of near-field microscopy, spectroscopy and near-field optical trapping [1] [2] [3] [4] [5] [6] [7] . Compared with other methods, such as utilizing nanoapertures [8] or surface plasmon enhanced metal tips [9] , using a high NA objective lens to generate a strongly localized evanescent field has some unique advantages. For example, it can not only eliminate the difficulties associated with the sample-probe distance control, but also reduce the heating effect, which is crucial especially in the field of optical trapping. Most important of all, it allows the dynamic modulation of the focal distribution by controlling the wavefront entering the objective lens [10] . It is well known that when a plane wave is focused by a low NA objective, a circularly symmetric Airy-spot-like focal spot always presents in the focal region of the objective [11] . However, with increasing the NA of the objective lenses, such a focal pattern disappears due to the breakdown of the paraxial condition. As a result, a focus elongation or splitting is expected in the focal region of a high NA objective, especially when the illuminating beam satisfies the TIR condition [2, 5, 12] . The phenomenon is so called focus depolarization due to the fact that a longitudinal polarization component arises in the focal region of the objective [13] [14] [15] .
Because of carrying orbital angular momentum, Laguerre-Gaussian (LG) beams, also known as the doughnut beams due to their characteristic intensity distributions of a dark spot on the optical axis surrounded by a bright ring, have been extensively employed in many novel optical trapping experiments [16] [17] [18] [19] [20] . The focusing properties of LG beams by a high NA objective have also attracted lots of research interests [21] . It has been revealed recently that when focused by a high NA objective lens in free space, the LG beams lose their central zero intensities for lower topological charge (n) cases due to the presence of the longitudinal polarization component in the focal region. Moreover, two distinctive intensity maxima appear in the direction perpendicular to the incident polarization direction resulting in the breakdown of the radial symmetry. It was pointed out that such an asymmetric phenomenon could cause significant influence on optical trapping and super-resolution optical microscopy. The intensity distribution deformation is expected to be more pronounced when an indexmismatched interface is presented.
In this paper, the intensity distributions in the focal region of LG beams focused by a high NA objective operating when the illuminating beam satisfies the TIR condition are calculated using the vectorial Debye theory and experimentally mapped with a scanning nearfield optical microscope (SNOM). A new anomalous phenomenon, which shows a rotation of the focal field, is demonstrated. It has been revealed that such anomalous focal field distributions of the evanescent LG beams are intrinsic phenomena in all the objectives illuminated by LG beams undergo the TIR condition. 
Theoretical results
Immersion Oil E (n1>n2) The phase ramp for generating the LG beams can be expressed as ϕ n , where n is called the topological charge and φ is the polar coordinate in the plane perpendicular to the beam axis. An example of the phase pattern for n=1 is shown in Fig. 1(a) . In order to produce a focused evanescent LG beam, a high NA TIR objective (NA=1.65) with a central obstruction disk is employed. The obstruction disk is inserted at the back aperture of the objective in such a way that only the illuminating beam with a convergence angle greater than the critical angle ( c θ =34.18° in our case) is allowed to enter the back aperture, as shown in Fig. 1(a) . The obstructed helical phase pattern of the LG beam at the back aperture of the objective is shown in Fig. 1(b) . When focused by the TIR objective, a phase shift β , as shown in Fig. 1(c) , which can be determined by the Fresnel equation [22] under the TIR condition, is induced by the boundary effect and added on to the helical phase pattern. As a result, a phase dislocation d ϕ ,
as shown in Fig. 1(d) , is presented at the interface. Such a phase dislocation can be expressed, equivalently at the back aperture of the objective, as
(1) and it will definitely cause some variations to the focal field distributions.
The electric field distribution of a linearly polarized LG beam focused by a high NA objective through an index-mismatched interface has been calculated using the vectorial Debye theory [23, 24] . Figs. 2(a-d) depict the normalized intensity distributions in the focal plane of the objective (NA=1.65) under the illumination of annular LG beams (n=0-3) at the coverglass (n 1 =1.78) and air (n 2 =1.0) interface. In this case, an obstruction disk with a size of
, which is much larger than the critical radius 6 . 0 c = ρ , has been applied to match the experimental condition. It has been found in Fig. 2(a) that when the objective is illuminated by a Gaussian beam (n=0), the focal spot slightly splits along the incident polarization direction due to the presence of the longitudinal component in the focal region caused by the focusing of a high NA objective [13] [14] [15] . This result is consistent with the published results [2, 5, 12] . It should be pointed out that for the far-field focusing of a doughnut beam, although the radial symmetry is broken due to the depolarization effect, the symmetry with respect to the axis, which is perpendicular to the polarization direction of the illumination, still remains. However, when focused by a TIR objective, even such a symmetry cannot be sustained. It is interesting to note that when an LG beam of topological charge 1 is applied, an anomalous intensity distribution occurs in the focal region, as shown in Fig. 2(b) . Two high intensity spots orients in the direction with a certain angle to the normal direction of the incident polarization are observed instead of a symmetric doughnut shaped bright ring [21] . Furthermore, when the beams of topological charges of n=2 and 3 are applied, spiral intensity patterns, which have the shapes similar to the optical spanner [19] , are observed in the focal region of the objective. Apart from the asymmetry of the intensity distributions, the central zero intensities have disappeared for LG beams of n=1 and 2 (Figs. 2(b) and (c)) because of the contribution from the longitudinal polarization component in the focal region. However it reappears when n=3 ( Fig. 2(d) ), which is consistent with the focal field distribution of LG beams obtained in the far field high NA cases [21] . 
Experimental results
To verify the theoretical findings, a SNOM (NT-MDT, Solver), which has the advantage of high spatial resolution and the ability to capture the near-field signals, is employed to map the focused evanescent field under the illumination of LG beams. The experimental setup (Fig. 3  (a) ) for the characterization of focused evanescent LG beams is similar to that used for the characterization of a focused evanescent wave under the plane wave illumination [12] with the addition of a computer controlled spatial light modulator (SLM) (Hamamatsu PPM X8267 Series), which is used to generate the required helical phase pattern (Fig. 3(b) ) for the LG beams. The SLM is capable of generating a phase-ramp with 256 gray levels, which is sufficient to produce LG beams with high quality. A high NA TIR objective (Olympus, NA=1.65, 100 × ) is used to focus the LG beams to a coverglass (n 1 =1.78) and air (n 2 =1)
interface. An obstruction disk with a size of 803 . 0 = ρ was used to ensure the pure evanescent field in the focal region. In the detection arm, a confocal pinhole, located in front of a photo-multiplier tube (PMT), provides optical sectioning properties and is utilized to ensure the center of the focal spot is placed at the coverglass-air interface. The tightly focused evanescent field is directly mapped by a tiny aperture (30-100 nm in diameter) located at the top of an aluminum coated fiber tip of the SNOM. The distance between the fiber tip and the coverglass surface is controlled by the shear force mechanism. A charge-coupled device (CCD) is utilized to visualize the accurate position of the fiber probe in the close vicinity of the highly localized focal spot of the objective. LG beams with topological charges from 0 to 3 are shown in Fig. 4 insets on the left column. In comparison, the theoretical plots are shown on the right side of each figure. The measured intensity patterns for all the topological charges are in good match with the theoretical results. For example, the central singularity has also been vanished for the intensity distributions of focused LG beams for n=1, 2; and it reappears for n=3. In addition, the experimental results confirm that the two peak intensity lobes rotate by a certain angle from their original direction, which is normal to the incident polarization direction. If a rotation angle α is defined as illustrated in Fig. 2(b) , it can be found that the theoretical rotation angle, 26.5 degrees for n=2, is comparable to the experimental result, approximately 23 degrees.
A cross-section is drawn along the line that joins the two maximum intensity points. It has been found that the measured full width at the half maximum (FWHM) of the intensity distribution for n=0 is approximately 410 nm, which matches well with the theoretical predicted value (360 nm) after considering that the measured intensity distribution is approximately equal to the convolution of the finite probe size (approximately 60 nm) and the actual intensity distribution [12] . In addition, a good agreement on the separation of the two intensity peaks has also been found between the measurements and the theoretical predictions. For example, the separation of the two intensity peaks is 650 nm in experimental measurements for the case of n=3, which matches well with the calculated values 610 nm. However, some deviations can be observed in Figs. 4(a) and (b) in the middle dip ratio, which is defined as the ratio between the minimum value of the dip to its peak intensity. For instance, the measured middle dip ratio is 0.8 for n=1, while the theoretical value is 0.63. This small deviation between the experiment and theory can be attributed to the dominant longitudinal component in the total field and its higher coupling efficiency to the aluminum coated fiber probe, which makes it easier to be detected by the SNOM [12] . 
Conclusion
In conclusion, a new phenomenon showing a focal spot rotation which occurs under the tight focus of an LG beam by a high NA TIR objective has been theoretically investigated using the vectorial Debye theory and experimentally mapped using a SNOM probe. The experimental measurements agree well with the theoretical predications. It has been proved that such a field distribution is directly resulted from the mixed effect of the helical phase of an LG beam and the phase shift induced by the total internal reflection when the beam passes the interface. Similar to the helical-conical beams [25] , the asymmetric property of a focused
LG beam may possess orbital angular momentum and facilitate a new mechanism for rotating micro-sized objects in near-field optical trapping.
